One hundred and six isolates of the genus Bifidobacterium, isolated from different environments (mainly gastrointestinal), were identified and classified taxonomically to species level by amplified ribosomal DNA restriction analysis. Two restriction endonucleases (Sau3AI and BamHI) were chosen for aligning the 16S rRNA sequences of 16 bifidobacterial species retrieved from various databases, to obtain speciesspecific restriction patterns. A rapid and accurate identification scheme was obtained by comparing the resulting 16S rDNA digestion profiles of 16 Bifidobacterium type-strains and 90 strains of various origins. All of the investigated strains were previously confirmed at the species level as belonging to the genus Bifidobacterium by fluorescence in-situ hybridisation and by polymerase chain reaction amplification with genus-and species-specific primers. The present work demonstrates that species-specific detection of Bifidobacterium adolescentis, Bifidobacterium animalis, Bifidobacterium bifidum, Bifidobacterium breve, Bifidobacterium catenulatum, Bifidobacterium coryneforme, Bifidobacterium cuniculi, Bifidobacterium dentium, Bifidobacterium infantis, Bifidobacterium lactis, Bifidobacterium longum, Bifidobacterium suis, Bifidobacterium magnum, Bifidobacterium pseudolongum, Bifidobacterium pseudocatenulatum and Bifidobacterium pullorum present in different micro-ecological environments (e.g. gastrointestinal tract) can be accomplished in a reliable, rapid and accurate manner, circumventing the recognised deficiencies of traditional identification techniques. ß
Introduction
Members of the genus Bi¢dobacterium are Gram-positive, pleomorphic and strictly anaerobic bacteria, and major constituents of the human intestinal micro£ora as well as of other warm-blooded animals and even honeybees [1] . Bi¢dobacteria are numerous in the human colon (up to 10 9^1 0 10 cfu g 31 faeces) and are therefore part of the most prevalent bacteria detectable in the faeces of human subjects consuming a`western' diet [2, 3] . Bi¢dobacterium longum, Bi¢dobacterium breve, Bi¢dobacterium bi¢dum, Bi¢dobacterium infantis, Bi¢dobacterium lactis and Bi¢dobac-terium animalis are used in the production of fermented dairy products [4, 5] and seem to be involved in the maintenance of the intestinal micro£ora balance and health [6] . The in£uence of the normal micro£ora on the host was well demonstrated by comparing germfree and conventional animal hosts [7] . Di¡erent authors [8^13] have reported that bi¢dobacteria, as an essential part of the normal intestinal micro£ora, produce antigenic compounds which are accessible to the immune defence mechanisms of the human body.
Historically, species-speci¢c identi¢cation methods for the genus Bi¢dobacterium have been based on carbohydrate fermentation pro¢les, cell-wall analysis or on their key enzyme fructose-6-phosphate phosphoketolase involved in hexose degradation (fructose-6-phospate shunt) [14] . In addition to these methods for speciation, electrophoretic-pro¢ling studies were carried out on transaldolases, 6-phosphogluconate dehydrogenase and various isoenzymes that are well characterised for each Bi¢dobac-terium species [15, 16] . Other biochemical analysis demon-strated that it was possible to use the electrophoretic patterns of L-galactosidases for di¡erentiation of Bi¢dobacte-rium species, in particular to distinguish between dairy and non-dairy related bi¢dobacteria [17] . This tool seems to allow a reliable identi¢cation of B. animalis in dairy products, but is quite tedious because of protein extraction and subsequent gel analysis. The identi¢cation of bi¢dobacte-ria based on phenotypic characteristics does not always provide clear results and is sometimes unreliable since bi¢dobacterial cells can change their morphology depending on the respective media, growth and culture conditions [1] .
In recent years several molecular tools have been proposed for bi¢dobacterial identi¢cation [18^20] . Various polymerase chain reaction (PCR) methods have been developed using species-speci¢c primers designed on widespread genes (e.g. 16S rRNA or recA). Sequence analysis of the recA gene in B. animalis, Bi¢dobacterium adolescentis, B. bi¢dum, B. breve, B. infantis and B. longum demonstrated di¡erences which have been proposed for the identi¢cation of these species [21] . Di¡erentiation among Bi¢dobacterium species has also been performed using pulsed-¢eld gel electrophoresis (PFGE) [22] or randomly ampli¢ed polymorphic DNA (RAPD) with presumed species-speci¢c patterns [23, 24] . The application of PFGE to the study of Bi¢dobacterium communities also permits the determination of the speci¢c origin of individual strains and analysis of di¡erent molecular types, e.g. B. longum. In practice, the application of RAPD for species-level identi¢cation is often unreliable and type-strains must be included as positive controls in the same RAPD-PCR cycles [23, 25] .
The comparison of 16S rRNA sequences has attracted attention as a very reliable method for the classi¢cation and identi¢cation of bacterial species [26] . Since rRNAs are extremely conserved and are present in large copynumbers within individual bacterial cells, their utilisation as a molecular target has increased in recent years.
In Bi¢dobacterium species a direct PCR ampli¢cation with 16S rRNA gene-targeted, species-speci¢c primers has also been used to investigate the distribution of bi¢-dobacteria in the human intestinal micro£ora [18, 19] . The use of species-speci¢c primers revealed that Bi¢dobacte-rium catenulatum and Bi¢dobacterium pseudocatenulatum seem to be the most common bi¢dobacteria in the human intestinal micro£ora [18] . Traditional methods based on carbohydrate fermentation patterns [15, 27] were unable to di¡erentiate the B. catenulatum group from that of B. adolescentis. It was also demonstrated that B. breve is usually present in the adult intestinal micro£ora and is one of the typical and dominant Bi¢dobacterium species in infants [28, 29] .
The aim of our study was to focus on the ampli¢ed ribosomal DNA restriction analysis (ARDRA) method to develop a rapid, reproducible and easy-to-handle molecular tool for the identi¢cation of all Bi¢dobacterium species isolated from various environments. We have investigated 106 strains from 16 di¡erent species of the genus Bi¢dobacterium: B. adolescentis, B. animalis, B. bi¢dum, B. breve, B. catenulatum, Bi¢dobacterium coryneforme, Bi¢dobacterium cuniculi, Bi¢dobacterium dentium, B. infantis, B. lactis, B. longum, Bi¢dobacterium suis, Bi¢-dobacterium magnum, Bi¢dobacterium pseudolongum, B. pseudocatenulatum and Bi¢dobacterium pullorum, isolated from the intestinal tract of mainly adults and infants, and the dairy environment.
Materials and methods

Bacterial strains and culture conditions
The names and origins of all bacterial strains used in this study are summarised in Tables 1 and 2 . The typestrains were obtained from: American Type Culture Collection (ATCC ; Rockville, MD, USA) ; Deutsche Sammlung von Mikroorganismen (DSM ; Go « ttingen, Germany) and the Bacteria Collection Universiteit Gent (Gent, Belgium). All strains were cultured anaerobically in MRS (Difco, Detroit, MI, USA) broth or agar supplemented with L-cysteine^hydrochloride (0.5 g l 31 ) at 37³C for 16 h. 
DNA isolation
Two ml of each 16-h stationary-phase culture were collected by centrifugation at 12 000Ug (10 min, 4³C), the pellet washed twice with 2 ml of water, and 1 g of glass beads (Sigma, St. Louis, MO, USA) added to the bacterial cell suspension. Mechanical lysis of the cells was achieved with the Mini-Beadbeater1 (Biospec, USA) for 3 min at maximum speed at 4³C. After mechanical rupture the resulting suspension was centrifuged at 12 000Ug (2 min, 4³C) and 10 Wl of the supernatant was directly added to the prepared PCR tube.
ARDRA-PCR
PCR was used to amplify the 16S rRNA gene of all Bi¢dobacterium isolates investigated. DNA fragments of approximately 1.5 kb (corresponding to the size of the 16S rRNA gene) were ampli¢ed using the primers P0 (5P-GAAGAGTTTGATCCTGGCTCAG-3P) and P6 (5P-CTACGGCTACCTTGTTACGA-3P). Each PCR mixture (50 Wl) contained a reaction mix of 20 mM Tris^HCl, 50 mM KCl, 200 WM of each deoxynucleoside triphosphate, 0.5 WM of each primer, 1.5 mM MgCl 2 and 1.5 U of the polymerase SuperTaq (Enzyme Technologies, UK). Each PCR cycling pro¢le consisted of an initial denaturation time of 3 min at 95³C followed by an ampli¢cation for 30 cycles of denaturation (30 s at 94³C), annealing (30 s at 55³C) and extension steps (2 min at 72³C). The PCR was completed with an elongation period (7 min at 72³C). The resulting amplicons were separated by a 0.8% (w/v) agarose gel electrophoresis at 7 V cm 31 followed by ethidium bromide staining. Before restriction digestion of the PCR products, all amplicons were puri¢ed with the QIAquick PCR Puri¢cation Kit (Qiagen, Valencia, USA). In order to achieve complete digestion, all restriction digestions were carried out for 3 h at 37³C in 10-Wl volumes of incubation bu¡er (Boehringer-Mannheim, Germany) containing 2 U of the respective restriction enzyme (Boehringer-Mannheim, Germany) and about 1.2 Wg of the puri¢ed PCR product. The resulting digestion products were visualised under UV-light (260 nm) after agarose gel electrophoresis (3.0% (w/v); NuSieve 3:1 agarose, FMC Bioproducts, USA) at 7 V cm 31 followed by ethidium bromide staining. All restriction analysis was performed with the Vector nt (Informax) tool (on-line tool for restriction mapping of nucleotide sequences: http:// www.medkem.gu.se/cutter).
Identi¢cation of Bi¢dobacterium isolates using genus-speci¢c, species-speci¢c bi¢dobacteria PCR primers and biochemical tests
In order to con¢rm our results for species identi¢cation, additional species-speci¢c primers for Bi¢dobacterium spp. and their respective PCR conditions [18, 19] were applied. As a basic con¢rmation that all isolates were members of the Bi¢dobacterium genus, we applied additional PCRs by using a speci¢c bi¢dobacterial genus-speci¢c primer pair (Lm26, Lm3). The sequences of these primers and the PCR conditions were retrieved from a previous report [30] . All achievable PCR products were analysed by electrophoresis on 0.8% (w/v) agarose gels and visualised by ethidium bromide staining. All bi¢dobacterial strains were additionally analysed by carbohydrate fermentation pro¢les based on ID-32A system (BioMërieux, France).
Fluorescence in-situ hybridisation (FISH) speci¢c for the Bi¢dobacterium genus
To con¢rm that all investigated strains and species were in fact members of the genus Bi¢dobacterium, all faecal isolates were hybridised with a £uorescently labelled, genus-speci¢c, 16S rRNA-targeted probe using a FISH Kit (RiboTechnologies Microscreen, The Netherlands). Ten ml of a 16-h stationary-phase bacterial culture of each isolate was collected by centrifugation at 12 000Ug (10 min, 4³C) and bacterial cells were treated in the subsequent sample preparation according to the supplier's instructions. Analysis was also performed using 0.5 g of faecal sample by following the supplier's instructions.
Results
Speci¢city 16S DNA restriction fragment length polymorphism (RFLP) patterns
All available 16S rDNA sequences of the Bi¢dobacte-rium species were retrieved from di¡erent databases (GenBank or EMBL). Theoretical restriction pro¢les with different restriction enzymes were obtained from the 16S rDNA sequences by using the Webcutter analysis protocol. The restriction enzyme Sau3AI was found to give the clearest and most reliable distinction in theoretical AR-DRA patterns, in order to di¡erentiate the majority of nd: not determined ; pseudopcatenulatum: belong to the group of B. pseudocatenulatum and B. catenulatum species ; animalis, adolescentis, bi¢dum, breve, cuniculi, infantis, longum, magnum, pseudocatenulatum, pullorum : allocation of these species by using the di¡erent identi¢cation tools mentioned above.
No bi¢dum, no breve, no infantis, no longum: no achievable PCR-amplicon using the corresponding species-speci¢c PCR-primers [18, 19] . a Identi¢cation using species-speci¢c PCR-primers as described earlier [18, 19] .
Bi¢dobacterium type-strains. Only B. adolescentis/coryneforme, B. animalis/pseudolongum and B. suis/longum could not be discriminated with a Sau3AI digestion of the 16S rRNA gene. Fig. 1 depicts the electrophoretic patterns obtained for 16 Bi¢dobacterium type-strains (Table 1) after Sau3AI digestion of the 16S rRNA gene. We could obtain clearly distinguishable RFLP patterns of the 16S rRNA gene in repeated experiments, con¢rming the theoretically expected restriction pro¢les. All strains of B. adolescentis and B. coryneforme resulted in identical Sau3AI patterns of their 16S rDNA, in agreement with their theoretical restriction pro¢les, necessitating an additional digestion with a second restriction enzyme, e.g. BamHI (Fig. 2) . Similarly BamHI was also used to di¡erentiate B. animalis and B. pseudolongum (Fig. 2) . To date, B. suis cannot be separated from B. longum using ARDRA patterns.
Allocation of all the isolates within the genus Bi¢dobacterium
All faecal and intestinal isolates were subjected to FISH with a single probe speci¢c for the genus Bi¢dobacterium. After hybridisation of bacterial cells, any occurring £uo-rescence inside the cells could be clearly distinguished from the dark background (data not shown). All strains originally isolated from yoghurt, cheeses, probiotic tablets and from mucus were also assayed in PCR ampli¢cation trials using the genus-speci¢c primers Lm26 and Lm3. Four of the strains (NCC223, NCC426, NCC432 and NCC319) investigated were identi¢ed as not belonging to the genus Bi¢dobacterium by their general absence of PCR products using these genus-speci¢c primers. All remaining isolates demonstrated a distinct PCR amplicon of about 1.35 kb, in agreement with literature reports [31] .
Identi¢cation of Bi¢dobacterium strains with species-speci¢c primers and biochemical assay
The ARDRA identi¢cation method was compared with results achieved with classical identi¢cation tools (e.g. carbohydrate fermentation pro¢les) and with species-speci¢c PCR primers. We tested six pairs of recently published bi¢dobacteria species-speci¢c primers, all targeting the 16S rDNA sequences [18, 19] . These primers cover all of the bi¢dobacterial species that have been identi¢ed in human intestinal tracts. However, the identi¢cation of B. catenulatum and B. pseudocatenulatum by this method was not reliable. Furthermore, identi¢cation of some bi¢dobacteri-al isolates by carbohydrate fermentation pro¢les was rather doubtful or unacceptable and a few strains belonging to B. pseudocatenulatum, B. infantis, B. longum and B. animalis were initially misidenti¢ed as B. bi¢dum (Table  2) .
Ampli¢cation and restriction analysis of 16S rRNA gene
The study was extended to include isolates from various sources. Their ampli¢ed 16S rRNA gene products were obtained after rapid extraction of chromosomal DNA. RFLP patterns were generated following digestion of the 16S rRNA gene of all of the Bi¢dobacterium isolates with Sau3AI and, if necessary, with BamHI. In order to identify all 106 isolates, their RFLP patterns were compared with those obtained for the type-strains. All bi¢dobacterial strains had been previously assayed with RAPD-PCR, which produced an individual pro¢le for each isolate. The heterogeneity among the RAPD-PCR patterns clearly demonstrated that all bi¢dobacterial strains investigated by ARDRA identi¢cation were di¡erent (data not shown).
Analysis of the Bi¢dobacterium species among isolates
Among all isolates investigated only those belonging to the genus Bi¢dobacterium are listed in Table 2 . All strains isolated from faecal environments were identi¢ed as being members of the species B. pseudocatenulatum, B. pullorum, B. magnum, B. cuniculi, B. bi¢dum, B. longum, B. breve, and B. animalis. All strains identi¢ed as B. breve (with the exception of NCC485) and B. infantis (with the exception of NCC290) were isolated from human infant faeces, while B. longum and B. pseudocatenulatum isolates were detected in adult and from infant faeces (Tables 1 and 3) .
B. magnum, B. cuniculi and B. pullorum were only detected in animal faeces (chicken, rabbit or rat). Other isolates belonging to the species B. animalis, B. longum and B. bi¢dum came from di¡erent environments: faecal/intestine (human and animal) and dairy products (yoghurts and cheese starter), as summarised in Tables 1 and 3 . Only four of the investigated strains (NCC223, NCC426, NCC432 and NCC319) and previously classi¢ed by using carbohydrate fermentation pro¢les as B. adolescentis and B. breve, do not belong to the genus Bi¢dobacterium and their origin (mucus) might be considered as an atypical environment for bi¢dobacteria species already described [1] .
Discussion
In modern bacterial taxonomy, ribosomal gene sequences are considered to have the potential to provide a powerful approach to the investigation of phylogenetic relationships. Therefore, they are often used for the design of species-speci¢c primers for a rapid identi¢cation of lactic acid bacteria [20] and bi¢dobacteria [18, 19, 32, 33] . In eubacterial DNA these rRNA loci include 16S, 23S and 5S rRNA genes. While the 16S rRNA gene is a highly appropriate molecular target for the analysis of speciesspeci¢c relationships [34] , the intergenetic 16S^23S spacer region allows excellent analysis at the subspecies and strain level [35] . The overall phylogenetic information content of the 23S rRNA molecule is higher than that of the 16S rRNA molecule, but the number of currently available complete 23S rDNA bi¢dobacterial sequences is rather poor in comparison to those of the 16S rRNA. Only a few methods for species-level identi¢cation are so far described for the genus Bi¢dobacterium [17^22, 26, 33, 36] . Other typing or identi¢cation methods are rather timeconsuming and do not always assure a reliable characterisation (e.g. plasmid pro¢les analyses; DNA^DNA hybridisations).
Although signi¢cant progress has been achieved with the application of ARDRA methods, some factors still remain to be solved. For example, B. longum and B. suis are di¤cult to distinguish, although plasmid-pro¢ling for strains belonging to these species appears promising [36] . Nevertheless, we agree with Matsuki [18] that B. suis could be taxonomically combined with B. longum, taking their high DNA^DNA homology values (75^78%; [37] ) and the level of 16S rDNA similarities of more than 99% [38] into consideration. In contrast to other reports [18] , we were able to distinguish B. catenulatum and B. pseudocatenulatum, despite their close DNA^DNA homology, murein type and their high 16S rDNA sequence homologies. Consequently, the ARDRA system described here can be considered as a very reliable and reproducible molecular identi¢cation tool for at least the 16 Bi¢dobacterium species investigated in this study (Table 2) .
Applying the species-speci¢c ARDRA method, we observed that the majority of human gut isolates belonged to the species B. longum, B. bi¢dum or B. pseudocatenulatum. This is in contrast to Matsuki [18] , who reported mainly B. adolescentis and B. catenulatum isolates as being the predominant members of the human adult intestinal micro£ora [18] . Furthermore these workers reported that their speci¢c primers were unable to distinguish between B. longum and B. infantis [19] . Although we were able to identify B. adolescentis as part of the intestinal micro£ora of human adults, this species represented only less than 10% of all identi¢ed isolates. Insu¤cient data exist to attribute di¡erences in the natural distribution of B. longum, B. bi¢dum, B. pseudocatenulatum, B. catenulatum and B. adolescentis to di¡ering diets, various cultural or genetical backgrounds or simply inadequate sample size [9, 13] .
From both a scienti¢c and technological point-of-view, the micro-ecology of bi¢dobacteria might help us to understand if and how a potential dietary supplementation of, for example, predominant species/strains of bi¢dobac-teria, or the administration of speci¢c functional carbohydrates as, for example, prebiotics, will help to favour and/ or establish speci¢c target bi¢dobacteria. In order to achieve such a basic understanding, we have to investigate and identify, in a reliable and taxonomically generate manner, the composition and stability of the human micro-£ora in the gastrointestinal tract [7, 13] . This identi¢-cation and characterisation could provide a more rational approach with which to select appropriate strains of bi¢-dobacteria as probiotic strains and could improve our understanding of the underlying traits such as survival and/or colonisation [21] .
The ARDRA method described here proposes one solution for the inadequate identi¢cation methods for determining Bi¢dobacterium species and could be of help to evaluate the di¡erences between simple and complex, dynamic or static, bi¢dobacterial micro£ora in the human gastrointestinal tract [6] . Furthermore Bi¢dobacterium species composition in the gastrointestinal tract seems to provide a good marker for the evaluation of human intestinal micro£ora stability [39] . In man, the ARDRA technique would enable investigators to monitor changes in the intestinal bi¢dobacterial micro£ora with respect to age, ethno-cultural and/or genetic background (shift in population balances) or diet (more carbohydrate-versus proteinbased). This could allow speci¢c insights into the e¡ect of consumption habits and other environmental changes for humans and animal health. Thus, species identi¢cation with ARDRA should enable monitoring of Bi¢dobacte-rium populations belonging to the dominant intestinal £ora over a de¢ned period of time at the micro-ecological level. This would reduce the need for labour-intensive and time-consuming identi¢cation techniques (e.g. single-colony isolation from selective media; multiple physiological and biochemical testing), which remain frequently unreliable, slow and expensive, and are not accurate enough for the analysis of intestinal bi¢dobacteria [19] .
